Nrf2 is essential to antioxidant response element (ARE)-mediated host defense. Sulforaphane (SFN) is a phytochemical antioxidant known to affect multiple cellular targets including Nrf2-ARE pathway in chemoprevention. However, the role of SFN in non-malignant airway disorders remain unclear. To test if pre-activation of Nrf2-ARE signaling protects lungs from oxidant-induced acute injury, wild-type (Nrf2 
Introduction
NF-E2-related factor 2 (Nrf2) is a transcriptional activator of antioxidant response element (ARE)-bearing defense genes. Acute lung injury (ALI) and its severe form acute respiratory distress syndrome (ARDS) affects over 200,000 annually in the U.S. It is precipitated from various clinical disorders including pneumonia, sepsis, or major trauma, and characterized by increased lung permeability and inflammation accompanying abnormal gas exchange and variable late phase responses (Hendrickson and Matthay, 2018; Matthay and Howard, 2012; . In laboratory rodents, inhalation of hyperoxia (> 85% oxygen) causes ALI-like pulmonary injuries including edema and neutrophilic inflammation and it has been widely used as a model of ALI. We identified Nrf2 as a susceptibility gene in the murine model of ALI Cho et al., 2002b) and multiple studies using mice genetically deficient in Nrf2 (Nrf2
−/−
) determined its protective role in ALI-like phenotypes .
Supplemental antioxidant therapies with N-acetylcysteine (NAC) or various antioxidants have had mild or inconsistent efficacy in clinical settings of oxidative lung disorders. Recent interest has focused on isothiocyanates, bioactive phytochemical antioxidants from cruciferous vegetables, particularly sulforaphane (4-methylsulfinylbutyl isothiocyanate, SFN) present as the precursor form glucoraphanin in broccoli and cauliflower. Glucoraphanin is largely hydrolyzed into SFN by myrosinase in gut microbes or in the plant itself and metabolized through the mercapturic acid pathway (60-90%) starting with glutathione S-transferase (GST)-mediated conjugation followed by sequential cleavage into other dithiocarbamates (i.e., SFN-cysteinyl-glycine, SFN-cysteine, SFN-NAC) or is converted into erucin and its conjugates by S-oxide reduction and dehydration (Budnowski et al., 2015) . Metabolites of SFN or isothiocyanate were detected in most rodent tissues, blood, bile, and urine shortly after oral or systemic administration (Budnowski et al., 2015; Yanaka et al., 2009) . Relatively higher accumulation of SFN metabolites were found in the lung than in other mouse tissues (Bricker et al., 2014; Clarke et al., 2011) . Metabolites were also detected in human blood and urine after single, multiple, or long-term (8-12 weeks) doses (Dinkova-Kostova and Kostov, 2012; Egner et al., 2014; Yanaka et al., 2009 ).
SFN acts through nuclear factor (NF)-κB inhibition and cell cycle arrest (Kensler et al., 2013) . It also binds to inhibit Kelch-like ECHassociated protein 1 (Keap1, a cytoplasmic Nrf2 inhibitor) and thus is a potent inducer of Nrf2-ARE signaling (Kensler et al., 2013) . The potential therapeutic spectrum of SFN has expanded from cancer to nonmalignant disorders. Dietary SFN decreased gastritis symptoms in Helicobacter pylori (H. pylori) patients (Yanaka et al., 2009) . SFN treatments also reduced gluconeogenesis by improving glucose control in Type 2 diabetic patients (Axelsson et al., 2017) . A series of clinical intervention trials demonstrated that SFN enhanced detoxification of food-and air-borne carcinogens (Egner et al., 2014) . SFN-containing juice decreased the number of nasal lavage cells after challenge with diesel exhaust particles in humans (Heber et al., 2014) . Further, daily doses of SFN significantly ameliorated bronchoconstriction caused by methacholine challenge in about 60% of asthmatics who participated in a clinical trial (Brown et al., 2015) . However, other reports indicate mixed or negative efficacy of sulforaphane as seen in a randomized double-blind study in which oral sulforaphane did neither induce AREresponsive genes in airway cells nor influence on lung function and inflammatory parameters in a chronic obstructive pulmonary disease cohort (Wise et al., 2016 ).
The current study tested the hypothesis that SFN prevents oxidantinduced ALI-like disease in an Nrf2-dependent manner. We provided Nrf2-sufficient (Nrf2 +/+ ) and -deficient (Nrf2 −/− ) mice with SFN orally or as diet rich in SFN precursor glucoraphanin (standardized broccoli sprout extract, SBE) before hyperoxia (> 95% O 2 ) exposure to determine its effect on development of lung injury. We also profiled genome-wide transcriptome changes to provide insight into the underlying pulmonary mechanisms of SFN. Results from this study provide novel insights to the role of Nrf2-mediated molecular events on lung gene expression pathways including those for mitochondrial function. Pre-treatment effects of SFN in the hyperoxia-induced model ALI may have important clinical implications.
Materials and methods

Animals, pretreatment, and exposure
Male, 6-8-week-old Nrf2
), and NAD(P)H:quinone oxidoreductase 1-deficient (Nqo1 −/− , B6;129S-Nqo1 tm1Akj ) mice produced from breeding colonies at the National Institute of Environmental Health Science (NIEHS) were used in the current study. Gender-and age-matched wildtype mice, C57BL/6J (Gpx2
) and 129P3/J (Nqo1 +/+ ), were purchased from the Jackson Laboratory (Bar Harbor, ME , and (B) activity of lactate dehydrogenase (LDH) for cytotoxicity (n = 3/group for air, n = 4-5/group for O 2 ). (C) Hyperoxia susceptibility determined by body weight loss was indicated as percent body weight change at the end of 72 h hyperoxia or air exposure (day 18) compared to the onset of the diet (day 1, n = 3/group for air, n = 6/group for O 2 ). Data presented as group mean ± SE. Two-way ANOVA used for all statistical analyses. *, P < .05 vs. genotype-and diet-matched air controls. +, P < .05 vs. diet-and exposure-matched Nrf2 +/+ mice. §, P < .05 vs genotype-and exposure-matched AIN group.
H.-Y. Cho et al. Toxicology and Applied Pharmacology 364 (2019) 29-44 diet or AIN diet containing lyophilized SBE (Fahey et al., 2012) (as glucoraphanin 5.83 μmol/g diet) using glass jars with mesh inserts for 14 d before inhalation exposure (average consumption 21.35 μmol in 3.66 g diet/animal/day). The SBE preparation used in the current study showed reproducible daily bioavailability of SFN (average 10-18% conversion of glucoraphanin to SFN and metabolites) as determined in urine from healthy volunteers Fahey et al., 2012) . Pulverized AIN or SBE diet was provided in glass jars feeders with mesh inserts. Other Nrf2 +/+ and Nrf2 −/− mice received 9 μmol of pure SFN (R-SFN, LKT Laboratories, Inc., St. Paul, MN) in 100 μL PBS or vehicle (PBS) by oral gavage (100 μL) at 5, 3, and 1 d before inhalation exposure. A subset of Nqo1 +/+ mice were fed a diet containing 0.3% dimethyl fumarate (DMF) to induce NQO1 activity for 14 d before inhalation exposure (Begleiter et al., 2004) . Mice were continuously exposed to hyperoxia (> 95% O 2 , 48 or 72 h) in a whole-body chamber or to room air as described previously . Immediately following designated exposure, mice were euthanized by sodium pentobarbital overdose (104 mg/Kg). All animal use was approved by the NIEHS Animal Care and Use Committee. See details in the online data supplement.
Bronchoalveolar lavage (BAL)
Right lungs from each mouse were lavaged in situ with HBSS, and cells and supernatants from BAL returns were analyzed for protein content and cell differentials as described previously . Colorimetric assay for lactate dehydrogenase (LDH) was performed to detect cell lysis and toxicity by determination of NADH production after addition of NAD+ to aliquots (25 μL) of BAL supernatants (Sigma, St. Louis, MO). Lipid peroxidation was also determined in aliquots of BAL (25 μL) by quantification of TBARS represented by malondialdehyde-TBA using a malondialdehyde equivalence standard curve (Cell Biolabs, Inc., San Diego, CA). Sandwich ELISA was used to detect secreted mucin 5, subtypes A and C (Muc5AC) in BAL (20 μL) using a capture antibody (sc-19603, Santa Cruz Biotechnology, Santa Cruz, CA) and a detection antibody (Clone 45 M1, Thermo Scientific, Fremont, CA) following the procedures described previously (Cho et al., 2013) .
Lung histopathology
Formalin-fixed left lungs were processed for H&E and AB/PAS staining. They were immunohistologically stained with voltage-dependent anion-selective channel protein 1 (VDAC1)/porin antibody (Santa Cruz) following routine immunostaining procedures.
cDNA microarray and quantitative reverse transcription-polymerase chain reaction (qRT-PCR)
Total lung RNA (n = 3/group) was applied to mouse 430 2.0 arrays (Affymetrix, Inc., Santa Clara, CA) in the NIEHS Microarray Core Facility as described previously (Cho et al., 2012) . Array data were analyzed statistically using GeneSpring (Agilent Technologies, Inc., Santa Clara, CA). Briefly, array raw data were filtered by lower expression percentile (at least 1 sample had values within 20% cut-off rage) and the expression levels were normalized to the mean value of the control (PBS/Air/Nrf2 H.-Y. Cho et al. Toxicology and Applied Pharmacology 364 (2019) [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] (caption on next page)
H.-Y. Cho et al. Toxicology and Applied Pharmacology 364 (2019) with different pre-treatment/exposure) identified differentially expressed genes (P < .01). Ingenuity Pathway Analysis (IPA, Qiagen Inc., Valencia, CA) was used to identify potential molecular mechanisms. Microarray data are deposited in Gene Expression Omnibus (accession number GSE58654) and in the NIEHS Chemical Effects in Biological Systems (CEBS; accession number: 005-00003-0121-000-2). Aliquots of lung RNA were reverse transcribed, and cDNA was subjected to PCR with gene-specific primers and 18 s ribosomal RNA primer (an internal control) using an ABI Prism 7700 Sequence Detection System (Applied Biosystems, Foster City, CA).
Protein analysis
Lung nuclear (7-10 μg) and cytosolic protein (50-100 μg) were analyzed by routine Western blotting using specific antibodies against rodent mitochondrial oxidative phosphorylation (OXPHOS) complex (Abcam, Cambridge, MA), Nrf2 (Santa Cruz), p65 NF-κB (Santa Cruz), VDAC1/porin (Santa Cruz), phopholamban (PPLA, Santa Cruz), lamin B (Santa Cruz), and pan-actin (Santa Cruz). Scanned band intensities of Western blot images (n = 3/antibody) were quantitated by densitometry (ProteinSimple, San Jose, CA). Cytosol fractions were also analyzed for total GSH amount using a commercial kit (Cell Biolabs, Inc.) to detect NADPH/GSH reductase reaction. Briefly, glutathione reductase and NADPH were added to lung cytosol fraction to generate reduced glutathione (GSH) from its oxidized form (GSSG) in the samples, which was followed by incubation with the chromogen reacting with thiol group of GSH to produce a colored compound. Changes of absorbance at 405 nm were immediately measured by 1 min intervals for~10 min and concentration from the slope of linear portion of each sample kinetic curve was acquired using the net slopes of GSSG standards. Binding activities of nuclear proteins (5 μg) on ARE and NF-κB motifs were determined by gel shift analysis following procedures described previously . Specific NF-κB binding activity was quantitated by a transcription factor ELISA (Active Motif, Carlsbed, CA). Aliquots of nuclear proteins (2.5 μg) were added to wells in a 96-well plate pre-coated with an NF-κB-binding oligonucleotide. After consecutive incubation with p65 NF-κB antibody and horseradish peroxidase (HRP)-conjugated secondary antibody, binding activity of p65 NF-κB was determined by colorimetric analysis. Cold probes (addition of extra NF-κB binding oligonucleotide) were tested for reaction specificity. Total lung homogenates in radioimmunoprecipitation assay (RIPA) buffer were prepared for Western blotting and detection of oxidized protein by ELISA (Cell Biolabs, Inc.) using an anti-dinitrophenylhydrazine antibody specific to derivatized protein carbonyl groups (Cho et al., 2013) .
SFN metabolite detection in urine and sera
Non-metabolized (unconjugated) SFN and major SFN metabolites, including SFN-GSH, SFN-cysteine, and SFN-NAC, in mouse urine and sera were analyzed by HPLC-mass spectrometry. Briefly, an aliquot (10 μL) of urine was diluted with 90 μL 5% methanol and 0.1% formic acid. The sample was centrifuged at 8°C and 80 μL of supernatant was transferred to an autosampler vial containing a low volume insert. An aliquot (30 μL) of serum was diluted with 270 μL of 0.1% formic acid and loaded onto Oasis HLB solid phase extraction cartridges. Cartridges were then washed with 1 mL of 0.1% formic acid, dried with a stream of nitrogen, and eluted with 2 mL of 9:1 acetonitrile:methanol containing 0.1% formic acid. Serum eluents were dried under vacuum and reconstituted in 50 μL of 5% methanol and 0.1% formic acid solution. The prepared sample (10 μL) was injected onto an ACE Excel 3 CN-ES 2.1 × 100 mm HPLC column with gradient separation at a flow rate of 250 μL/min. Electrospray ionization and selected reaction monitoring mass spectrometry were used for analyte quantitation.
Mitochondrial genome copy number
Mitochondrial genome copy number was determined using droplet digital PCR (ddPCR) by amplification of a short mitochondria genome fragment at NADH dehydrogenase 6, mitochondrial (mt-Nd6) locus (13731-13,831 bp). Briefly, total lung DNA (2 ng) in PCR mixture containing SYBR Green dye and 125 nM of primers (5′-ctcccaaaccatcaagattaattac-3′, 5′-gacttggggatctaactgattaatt-3′) were partitioned into approximately 20,000 individual nanoliter-sized water-in-oil droplets by Bio-Rad QX200 Automated Droplet Generator (Hercules, PA) followed by PCR reaction (C1000 Touch Thermal Cycler, Bio-Rad). The droplets were then read individually in QX200 Droplet Reader (BioRad) and assigned as positive (1) or negative (0). The mitochondrial copy number calculated by the positive droplets was normalized to nuclear DNA copy number determined similarly by ddPCR (primers used for beta-globin locus 54,021-54,122: 5′-ttctgctcaaccttcctatcag-3′, 5′-ccaaactctagtcaacactcac-3′).
Bioinformatic search of potential ARE
Potential ARE sequences for Nrf2 binding were determined in selected SFN-responsive genes (n = 193) involved in mitochondrial energy production and metabolism using a position weight matrix (PWM) statistical model (Cho et al., 2012) .
Statistics
Data are expressed as group mean ± standard error (SE). Two-way ANOVA followed by Student-Newman-Keuls test for a posteriori comparisons to evaluate the effect of genotype (Nrf2
) and treatment (AIN/air vs SFN/Air vs AIN/hyperoxia vs SFN/hyperoxia) on lung injury phenotypes and molecular analyses (P < .05). BAL phenotype data from Nqo1 −/− and Gpx2 −/− mouse studies were also analyzed by two-way ANOVA followed by Fisher LSD Method for a posteriori comparisons (P < .05).
Results
Nrf2-dependent acute lung injury prevention by dietary SFN
Consistent with our previous results (Cho et al., 2002a) 3. Nrf2-dependent protective effect of oral sulforaphane (SFN) on hyperoxia (O 2 )-induced lung injury. (A) Bronchoalveolar lavage (BAL) fluids were analyzed for the numbers of lung epithelial cells and neutrophils (n = 3/group for air, n = 6/group for O 2 ), activity of lactate dehydrogenase (n = 3/group for air, n = 4/group for O 2 ), and the amount of secreted mucin proteins (Muc5AC, n = 3/group for air, n = 5/group for O 2 ). (B) Lung oxidative stress indicated as oxidized protein (protein carbonyl), lipid peroxidation (thiobarbituric acid reactive substances, TBARS) in BAL, and total glutathione (GSH) levels in lung homogenates. Data presented as mean ± SE (n = 3/group). Two-way ANOVA used for all statistical analyses. *, P < .05 vs. genotype-and pretreatment-matched air controls. +, P < .05 vs. pretreatment-and exposure-matched Nrf2 +/+ mice. §, P < .05 vs. genotype-and exposure-matched PBS. (C) Major SFN metabolites including SFNglutathione (GSH), SFN-cysteine, and SFN-N-acetylcysteine (NAC) as well as non-metabolized (unconjugated) SFN were determined in aliquots of diluted urine or deproteinated sera at 2 or 3 days after air or O 2 exposure following oral dose of PBS or SFN by HPLC-mass spectrometry. Data presented as mean ± SE (n = 3/ group). ND = not detected.
H.-Y. Cho et al. Toxicology and Applied Pharmacology 364 (2019) 29-44 diet/animal/day, which was equivalent to about 6 g of mature broccoli or 0.9 g broccoli sprouts (Fahey et al., 1997 1C ). AIN and SBE had no effect on lung histopathology in airexposed mice (Fig. 2) . Hyperoxia-induced key histopathologic changes (e.g., perivascular-peribronchial edema, inflammatory cell infiltration, mucous hypersecretion) in Nrf2 +/+ mice were reduced by SBE pretreatment compared to those with AIN ( Fig. 2) . Severe histopathologic phenotypes in Nrf2 −/− mice by hyperoxia were only marginally improved by SBE compared to AIN (Fig. 2) .
Nrf2-dependent acute lung injury prevention by oral SFN
Oral administration of pure SFN (9 μmol/animal at 5-, 3-, and 1-day before start of inhalation exposure) significantly reduced BAL neutrophil and epithelial cell numbers as well as mucus hypersecretion (determined by measurement of Muc5AC) in hyperoxia-exposed Nrf2 +/ + mice (Fig. 3A) . The SFN dose was determined based on bioavailability of SFN metabolites in murine lungs reported in previous studies (Clarke et al., 2011) . Hyperoxia-increased BAL neutrophils in Nrf2 −/− mice were significantly lowered by SFN pretreatment, but no SFN effect was found in hyperoxia-induced lung cell death and mucus hypersecretion in these mice (Fig. 3A) . Relative to vehicle (PBS), SFN significantly lowered the magnitude of hyperoxia-increased lung protein oxidation (determined by protein carbonyl) and lipid peroxidation (determined by thiobarbituric acid reactive substance, TBARS) in Nrf2 +/+ mice, but not in Nrf2 −/− mice (Fig. 3B) . Total lung glutathione level (reduced GSH form) was also significantly elevated by SFN in Nrf2 +/+ mice after hyperoxia (Fig. 3B) . Although SFN increased basal GSH level in Nrf2 −/− lungs, the overall GSH pool was significantly lower after air or hyperoxia in Nrf2 −/− mice compared to Nrf2 +/+ mice (Fig. 3B ).
SFN and metabolites were detected in mouse sera and urine until 3-4 days after the last oral SFN administration (Fig. 3C) . In urine, primary metabolites were SFN-cysteine and SFN-NAC while the unconjugated SFN and SFN-GSH levels were negligible. < 1 pg/μL of unconjugated SFN, SFN-GSH, and SFN-NAC was detected but not SFNcysteine in sera. No genotype or exposure effects were found on metabolite levels or composition.
Nrf2-dependent lung transcriptomics
SFN effects on air control mice
Supplemental SFN significantly altered the basal lung transcriptome in air-exposed Nrf2 +/+ mice (n = 1187, P < .01 cascade enzymes (e.g., Map3k8) and NF-κB were predicted to play central roles in their networks (Table E1 , Fig. 4E ).
In Nrf2 −/− lungs, SFN-modulated genes (n = 250, P < .01) were involved in inflammation and organismal injury pathways (Table E2) . Chemokine (C-C motif) ligand 11 (Ccl11), Ccl20, and sorbitol dehydrogenase (Sord) are examples of genes affected by SFN only in Nrf2 −/ − mice. A limited number (n = 17) of genes (e.g., Myoz2, Gsto1) were modulated commonly by SFN in both genotypes, which indicates that SFN differentially influenced some pulmonary transcriptomics independent of Nrf2. Selected SFN-induced genes related to mitochondria, energy metabolism, and cardiovascular function (n = 193) have multiple ARE-like motifs (PWM score of ≥6.4) for Nrf2 binding (Tables 1, E3 ). Some potential AREs have been functionally verified by chromatin immunoprecipitation followed by DNA sequencing (Mouse et al., 2012; Yue et al., 2014) , supporting roles as Nrf2 downstream effectors.
Hyperoxia effects
As we previously reported (Cho et al., 2005) , hyperoxia significantly altered lung transcriptomics in Nrf2 +/+ mice (n = 7162, P < .01).
Pathway analyses suggested that p53, together with PDGF, coagulation factor 2 (F2), TNF, and Nrf2 were key upstream regulators for transcriptome changes by O 2 (Fig. 5A , Table E4 ). A role for p53 in this ALI model is explained by its functions in anti-oxidant induction, mitochondrial energy metabolism, and co-regulation with the Keap1-Nrf2 pathway and DNA damage response (Bensaad and Vousden, 2007 Tables E1 and E3. H.-Y. Cho et al. Toxicology and Applied Pharmacology 364 (2019) 29-44 as well as Nrf2-dimerizing transcription factors (e.g., Mafk), protein ubiquitination and proteasomal degradation (e.g., ubiquitin-conjugating enzyme E2K, Ube2k), and phase 3 transporters (e.g., Apcc1) were the most affected pathways during hyperoxia exposure (Table E4) Table E6 ).
SFN and hyperoxia effects
In Nrf2 +/+ mice, SFN pretreatment significantly altered 264 lung genes (P < .01, 2-Way ANOVA, (Table E8 , Fig. 6A ). This suggests their roles in SFN-Nrf2-mediated lung protection against hyperoxia. Genes encoding NF-κB (e.g., Traf3, Casp8) and PPAR/RXR (e.g., Il1r1, Nr2f1) signal transducers were also Nrf2-dependently expressed in SFN-treated lungs during hyperoxia (Table E8 , Fig. 6A altered genes (n = 4799, P < .01) involved predominantly in IL-17A signaling pathway, which may lead to severe neutrophil infiltration. (C) Nrf2-dependently modulated genes during hyperoxia (n = 816, P < .01) such as Selp and Fcgr2b may contribute to the differential lung edema between Nrf2 +/+ and Nrf2 −/− mice given PBS.
H.-Y. Cho et al. Toxicology and Applied Pharmacology 364 (2019) 29-44 H.-Y. Cho et al. Toxicology and Applied Pharmacology 364 (2019) 29-44 ( Fig. 6C) , through which SFN may exert Nrf2-independent, mild protection against hyperoxia.
Validation of microarray data 4.4.1. Effect of SFN on mitochondrial proteins
Lung mitochondrial genome copy number determined by PCR method (Furda et al., 2014) was not significantly affected by genotype, exposure, or pretreatment (Table 2 ). Immunohistochemical localization of VDAC1 for mitochondrial membrane potential, a marker of mitochondrial function or biogenesis, was dense in alveolar macrophages, type 2 cells, and bronchial epithelium and smooth muscle as well as endothelium and vascular myocytes of pulmonary arteries in normal mice (PBS/Air), and little variation was found between two genotypes (Fig. 7A) . In air-exposed control Nrf2 +/+ mice, SFN increased VDAC1-positive cells in pulmonary arteries and terminal bronchioles, but not in Nrf2 −/− mice. This observation was consistent with SFN-induced transcriptional induction of vascular-muscular genes (e.g., Nppa, Corin, Pln, Myl3) and muscle-related mitochondrial genes (e.g., Fabp3, Cox7a1) in air-Nrf2 +/+ mice (see Fig. 4B ). Hyperoxia reduced VADC1 staining in alveoli, arterial endothelium, and myocytes in both genotypes, indicating mitochondrial dysfunction or mitophagy in these cells. In contrast, hyperoxia increased VDAC1 proteins in injured small vessels (perivascular edema, hypertrophy) and hyperplastic bronchial/ terminal bronchial epithelium in Nrf2 +/+ mice. SFN pretreatment rescued hyperoxia-induced loss of alveolar VDAC1 and enhanced VDAC-positive cells in pulmonary artery and distal airway epithelium of Nrf2 +/+ mice. Hyperoxia and SFN effect on VDAC1 expression was relatively marginal in Nrf2 −/− mice.
Western blot analyses determined expression of OXPHOS complex, PPLA, and VDAC1 (Fig. 7B) . Representative proteins from mitochondrial complexes I (NDUFB8), IV (MT-CO1 encoded by mitochondral genome), and V (ATP5A) subunits were increased by SFN and hyperoxia in Nrf2 +/+ mice while succinate dehydrogenase complex, subunit B (SDHB) in complex II was increased by SFN but decreased after hyperoxia in Nrf2 +/+ mice. SFN effects on these OXPHOS subunits were relatively marginal in Nrf2 −/− mice.
Effect of SFN on redox transcription factors
Nuclear ARE binding activity and translocated Nrf2 were increased by hyperoxia exposure in Nrf2 +/+ mice at 72 h while SFN pretreatment reduced nuclear Nrf2 level compared to PBS, probably due to the lowered oxidative stress and injury by SFN (Fig. 7C ). Lung NF-κB level was determined to be a key molecule of the transcriptome networks influenced by SFN (Fig. E4A) . Total NF-κB-DNA binding activity and specific p65 NF-κB activity was increased by hyperoxia in both genotypes, with higher DNA binding activity in PBS-treated Nrf2 −/− mice than PBS-treated Nrf2 +/+ mice (Fig. 7D) . SFN significantly decreased NF-κB-DNA binding activity in Nrf2 +/+ mice but not in Nrf2 −/− mice after hyperoxia, indicating Nrf2-dependent SFN inhibition of NF-κB activity (Fig. 7D) . (Fig. 8A) . BAL neutrophil (48 h) and epithelial cell (48-72 h) numbers were significantly higher in Gpx2 −/− mice than in Gpx2 +/+ mice after hyperoxia (Fig. 8B) .
Functional roles of SFN-inducible ARE antioxidant enzymes
Discussion
We report in the current study that antioxidant SFN decreased susceptibility of mouse lungs to oxidant-induced ALI, and Nrf2 contributed to SFN-mediated protection. Genome-wide transcriptome analysis suggested that SFN may supplement substrates for mitochondrial function and energy metabolism in an Nrf2-dependent manner to enable the lung to reduce oxidant injury while Nrf2-deficiency may limit metabolic substrates and thus impair the mitochondria-mediated cellular processes. Our novel findings in vivo demonstrated prevention of ALI-like disorder by SFN that may have important clinical implications and provided molecular aspects of pulmonary SFN action.
Genetic polymorphisms in GSTM1 and GSTT1, which are Nrf2-inducible enzymes that convert SFN into SFN-GSH, affected SFN excretion and plasma levels as well as excretion of xenobiotic conjugates in humans who took SFN-rich dietary supplement (Egner et al., 2014; Gasper et al., 2005) . This indicated correlation of NRF2 with bioavailability and efficacy of SFN. SFN efficacy has been widely investigated in murine models of various disorders (Dinkova-Kostova and Kostov, 2012) , and Nrf2-dependent roles of SFN, particularly in inflammatory and infectious airway diseases, were reported using Nrf2 +/+ and Nrf2 −/− mice. Inhaled arsenic-induced lung injury was Nrf2-dependently inhibited by SFN (Zheng et al., 2012) . We previously reported that orally administered SFN significantly lowered respiratory syncytial virus load and lung inflammation in Nrf2 +/+ but not in Nrf2 −/− mice (Cho et al., 2009) . SFN also decreased bacterial growth on co-cultured alveolar macrophages isolated from chronic obstructive pulmonary disorder patients and inhibition of an Nrf2-regulated scavenger receptor decreased the phagocytic effects of SFN (Harvey et al., 2011) . Airway hyperresponsiveness and inflammation by chlorine gas was also resolved by sulforaphane in Nrf2 +/+ mice but not in Nrf2 −/− mice (Ano et al., 2017) . In a ovalbumin and cigarette smoke model of refractory asthma, sulforaphane restored steroid therapy sensitivity through activation of histone deacetylase 2 in an Nrf2-dependent manner (Sakurai et al., 2018) . Importantly, we determined that SFN markedly increased transcription of genes involved in mitochondrial respiration and energy metabolism and cardiovascular-muscle function in Nrf2 +/+ lungs, but not in Nrf2 −/− lungs. Transcription of mitochondrial OXPHOS complex, transporters/symporters, and TCA cycle enzymes was coordinately increased with transcription of enzymes in fatty acid β-oxidation (FAO), glycolysis, and amino acid degradation pathways which provide the OXPHOS chain with metabolic substrates and electrons (Fig. 9) . SFN-mediated induction of the transcriptome for mitochondria ⁎ Mitochondria copy number determined by comparing the abundance of mitochondrial DNA to nuclear DNA in 1 ng total DNA. Mean ± SE presented (n = 3/ group). SFN = sulforaphane.
H.-Y. Cho et al. Toxicology and Applied Pharmacology 364 (2019) 29-44 (caption on next page) H.-Y. Cho et al. Toxicology and Applied Pharmacology 364 (2019) 29-44 and metabolism was manifest basally and expression of these genes was consistently greater in Nrf2 +/+ lungs than in Nrf2 −/− lungs after hyperoxia. Hyperoxia may cause cell-or region-specific changes in mitochondrial function and energy metabolism as predicted by focal changes of VDAC1 in Nrf2 +/+ lungs. SFN also induced transcripts in mitochondrial biogenesis and homeostasis, Ppargc1a and Ppargc1b for mitochondrial reactive oxygen species (ROS) removal/metabolism and Mfn2 and Mtfp1 for mitochondrial fusion/fission. Overall, we postulate that SFN fortifies mitochondrial functions to protect lungs against oxidative insult. Recent studies have underscored a role for Nrf2 in induction of genes for FAO, NADPH generation, ATP synthesis, and mitophagy (Tebay et al., 2015) . Nrf2 also increased mitochondrial biogenesis and autophagy in rodent lung and other tissues under stressed conditions via induction of heme oxygenase-1, superoxide dismutase 2 (SOD2), and PGC-1α (Chang et al., 2015) . In animal models with high glucose availability or in cancer cells, Nrf2 redirected glucose metabolism from aerobic pyruvate/TCA cycle into anabolic pentose-phosphate pathway (Chartoumpekis et al., 2015) . Mitochondria DNA copy number is known to vary constantly depending on energy demands (Clay Montier et al., 2009) . Different from genomic DNA, the mitochondrial genome is vulnerable to ROS damage probably in part due to the lack of histone protection and effective DNA repair mechanisms (Tatarenkov and Avise, 2007) , and the copy number of mitochondrial DNA may be altered by damage, resulting in mitochondrial dysfunction. It has been therefore considered as a critical component of overall mitochondrial health, and has been related to aging and disease conditions such as cancer, cardiovascular diseases, neurodegenerative disorders, and infertility (Ashar et al., 2017; Yue et al., 2018) . We did not find significant changes in pulmonary mitochondrial genome by hyperoxia or SFN at 3 days of hyperoxia exposure. Therefore, SFN action on mitochondria in the current system may be mainly through transcriptional activation of genomic DNA-encoded mitochondrial proteins. While Nrf2 and hyperoxia effects on mitochondrial DNA was not significant at the current time-frame of the experiments, further studies are warranted at early period of lung injury development by hyperoxia.
Functional roles of Nrf2 in mitochondrial metabolism have been strongly supported in mice with altered Nrf2 expression (i.e., Nrf2-deficient, Keap1-knockdown). Proteomics approaches found differential hepatic lipid metabolism and mitochondrial enzymes in Nrf2 +/+ and Nrf2 −/− mice, and potential AREs were elucidated in Vdac1, ornithine aminotransferase (Oat), and Atp5a1 (Abdullah et al., 2012) . Nrf2-deficiency lowered basal mitochondrial membrane potential and suppressed O 2 consumption, FAO, and OXPHOS in various tissues and cells (Ludtmann et al., 2014) . Augmented mitochondrial functions and upregulation of FAO genes were found in Keap1-knockdown mice after caloric restriction (Kulkarni et al., 2013; Ludtmann et al., 2014) . Mitochondrial morphology and integrity change by H 2 O 2 in rat cardiomyocytes were Nrf2-dependently preserved (Strom et al., 2016) . Enhanced mitochondrial and total ROS production were apparent in Nrf2-deficient cortical slice and glio-neuronal co-culture, and the authors attributed these changes to the limited substrates and impaired activity of complex I in Nrf2 −/− systems (Kovac et al., 2015) . Nrf2-deficient neurons also had altered NADH and flavin adenine dinucleotide homeostasis coupled with reduced ATP production (Holmstrom et al., 2013) . Nrf2-mediated mitochondrial quality control (copy number increase, mitophagy and biogenesis gene induction) was also linked with resolution of lung bacterial inflammation (Athale et al., 2012; Chang et al., 2015) . Mitochondria sense intracellular Ca 2+ concentration for homeostasis, which is particularly critical in metabolically active myocardium and airway/vascular smooth muscles. Mitochondrial mice were run as a negative control. Nuclear proteins were subjected for Western blot analysis using Nrf2-specific antibody and images were quantified. *, P < .05 vs. pretreatment-matched air controls. §, P < .05 vs. PBS/hyperoxia group. (D) Aliquots of pooled lung nuclear protein (5 μg) were incubated with an end-labeled oligonucleotide probe containing NF-κB consensus sequence, and gel shift analysis determined total NF-κB binding. Two shifted bands (arrow heads) indicate total DNA-NF-κB complex. Specific activity for p65 NF-κB subunit was quantified using a transcription factor ELISA. Nuclear proteins from PBS/hyperoxia-Nrf2 −/− mice were used for reaction with cold probes (20 pmol addition of oligonucleotide) and for no antibody control to verify the reaction specificity. *, P < .05 vs. genotypeand pretreatment-matched air controls. +, P < .05 vs. pretreament-and exposure-matched Nrf2 +/+ mice. §, P < .05 vs. genotype-and exposure-matched PBS group. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
Gpx2
−/− mice after exposure to air and O 2 (48-72 h). Data presented as group mean ± SE (n = 3/group for air, n = 6/group for 48 h O 2 , n = 10/group for 72 h O 2 ). Two-way ANOVA used for statistical analyses. *, P < .05 vs. genotype and air controls. +, P < .05 vs. exposure-matched wild-type mice. §, P < .05 vs. exposure-matched Nqo1 −/− mice.
dysfunction is prominent in myocardial hypertrophy or cardiomyopathy, and a null mutation in adenine nucleotide translocator-1 (ANT1 or SLC25A4) was associated with the disease (Strauss et al., 2013) . Mitochondrial compromise is also characteristic in pulmonary artery hypertension which is closely related to cardiac pathogenesis. Mitochondrial ROS and diffusible metabolites have been proposed to activate NLRP3 inflammasome and TLR9 leading to vascular remodeling and pulmonary hypertension (Sutendra and Michelakis, 2014) . We reported that cardio-muscular Ca 2+ -pump regulator Pln, blood pressurelowering Nppa, and natriuretic peptide-activating Corin were markedly induced by SFN only in wild-type mice, suggesting Nrf2-dependent SFN action on cardiovascular tone. Supporting this concept, Strom et al. (2016) found increased sensitivity of mitochondria to swelling by Ca
2+
in Nrf2 −/− hearts compared to Nrf2 +/+ hearts. A glucoraphanin-containing diet also ameliorated hypertension and atherosclerotic changes in spontaneously hypertensive, stroke-prone rats (Lopes et al., 2015) . Taken together with potential AREs that we found in these genes, SFN may protect the cardiovascular system models through Nrf2-dependent induction of vasodilating and cardio-muscular Ca 2+ handing genes.
In conclusion, results suggest a preventive role for SFN in development of ALI-like phenotypes in adult mice. These results may have important implications for the prevention of ALI in clinical settings where sepsis, blunt force trauma, and other disorders may lead to ALI or acute respiratory distress syndrome (e.g. (Marzec et al., 2007) ). Molecular mechanisms underlying SFN action may be in part attributed to enhancing pulmonary mitochondrial integrity and dynamics thus diminishing oxidant toxicity. Differential transcriptome changes in Nrf2-sufficient and -deficient lungs imply that SFN action is primarily via Nrf2. NF-κB or MAPKs, central to multiple molecular networks of the Nrf2-dependently changed genes by SFN, may also be critical signal transducers in response to SFN. Our studies support the emerging concept of Nrf2-mitochondria linkage, particularly in association with potential intervention in asthma, ALI/ARDS, and chronic obstructive distress syndrome where transfer of stem cell or stem cell mitochondria to airway cells attenuated mitochondrial dysfunction and reduced pulmonary inflammation (Ahmad et al., 2014; Islam et al., 2012; Li et al., 2018; Morrison et al., 2017) . While we examined effects of systemic SFN in the lung only at the peak of hyperoxic injury, additional examination of early molecular events and extra pulmonary (e.g., heart, liver) effects will add to our understanding of SFN mechanisms. Finally, it is important to note there is increasing evidence of genotoxicity (e.g., DNA mutation, DNA strand break, or DNA adduct formation) by broccoli extracts or SFN (Latte et al., 2011; Sestili et al., 2010) which warrants investigation of undesirable, off-target effects of SFN. 
